Abstract: This account outlines the recent results on our strategy of the diastereoselective asymmetric synthesis of aminophosphonic acids (APs) using enantiomeric sulfinimines as chirality inducing reagents. Three important topics are discussed: (a) application of a double asymmetric induction in the synthesis of enantiomerically pure APs; (b) development of a general approach to the synthesis of γ-aminophosphonic acids (γ-APs) and (c) the use enantiomeric N-(p-tolylsulfinyl)cinnamaldimines in the synthesis of diverse α-and β-aminophosphonic acids (AP3, AP4) including the first synthesis of (R)-phosphoemeriamine.
Introduction
Aminoalkylphosphonic acids (APs) are analogs of natural and unnatural amino acids in which the planar carboxylic group is replaced by a tetrahedral phosphonic acid moiety (Scheme 1). Due to a wide spectrum of biological activity, this class of organophosphorus compounds has received considerable attention over the last decades [1] . Aminophosphonic acids (APs) and their conjugates with peptides exhibit antibacterial, anticancer, antiviral and antifungal activity. They are inhibitors of proteolytic enzymes and act as plant growth regulators. Therefore, some of them have found commercial application in agriculture and medicine. In spite of the fact that a lot of experimental material has been accumulated in the field of chemistry and biology of APs [1] [2] [3] [4] [5] [6] [7] [8] , there is a continued interest in this class of P-compounds focused particularly on the synthesis and stereostructure-bioactivity studies of enantiomerically pure APs.
As part of our long-standing program aimed at development of new synthetic methods using organic phosphorus and sulfur reagents, we devised a new asymmetric synthesis of α-and β-aminophosphonic acids using as the first the enantiopure sulfinimines as chiral reagents. A key reaction in this general synthesis of enantiomerically pure α-and β-APs is a highly or fully diastereoselective addition of trivalent phosphorus nucleophiles and α-phosphonate carbanions to sulfinimines. Separation of diastereoisomeric adducts and their subsequent acidic hydrolysis afforded the desired enantiomerically pure α-and β-APs. The synthesis of enantiomeric α-aminobenzylphosphonic acid 2 and β-amino-β-phenylethyl phosphonic acid 3 best illustrates the results of an early stage of our investigations in this field (Scheme 2).
It was found that the addition of dialkyl phosphite anions to (+)-(S)-1 resulted in the predominant formation of α-aminobenzylphosphonic acid (+)-2 with the (R)-configuration of the α-stereogenic carbon atom (Scheme 2a) [9] . With dialkyldiamido phosphite anions the steric course of the addition to (+)-(S)-1 was opposite and (S)-aminobenzylphosphonic acid (−)-2 was formed (Scheme 2b) [9] .
The same stereochemistry of the addition of lithiated diaminophosphine borane complex to (+)-(S)-1 was observed and the corresponding adduct formed was directly converted into free α-aminophosphonic acid (−)-(S)-2 (Scheme 2c) [10] . It is interesting to point out that diastereoselectivity of the latter addition reaction was very high or complete and in many cases α-aminophosphonic acids were obtained after hydrolysis as pure enantiomers. Since at the beginning of our work the synthetic approaches to enantiomeric β-aminophosphonic acids (β-APs) were few in number and of limited applicability, their asymmetric synthesis mediated by chiral sulfinimines has been elaborated in the first place and reported as early as 1996 (Scheme 2d) [11] . These early results on the sulfinimine methodology for asymmetric synthesis of α-and β-aminophosphonic acids briefly mentioned above have been reviewed in 2005 [12] . It is worthy to notice that our sulfinimine methodology has been very soon applied by other research groups for the synthesis of diverse structures of enantiomeric α-and β-aminophosphonic acids [5, 6] .
The present account will deal with a brief summary of our recent efforts to improve and extend the scope and applicability of our sulfinimine methodology for the synthesis of enantiomerically pure APs. At first we asked ourselves the following questions: (a) how can we achieve a full diastereoselectivity in the phosphite addition to chiral sulfinimines?, (b) can our asymmetric synthesis be extended to γ-amino-phosphonic acids?, (c) can we design a chiral sulfinimine structure suitable for asymmetric synthesis of structurally diverse aminophosphonic acids?
The results obtained in our laboratory aimed at solution to the above questions are reported below.
Double asymmetric induction in asymmetric synthesis of α-aminophosphonic acids
As mentioned above the most important step in asymmetric synthesis of α-APs is nucleophilic addition of phosphite anions to enantiomeric sulfinimines 1. In the majority of cases investigated in our and other laboratories such additions lead to separable mixtures of diastereoisomeric adducts which upon hydrolysis were converted into free enantiomerically pure α-APs (Scheme 2a). With regard to the diastereoselectivity of the addition reaction discussed here, a step forward has been made by the use of N-t-butylsulfinylimines which usually induce higher diastereoselectivities than those observed with N-p-tolylsulfinylimines [13] . Since for the stereostructure-bioactivity studies pure enantiomers of α-APs are required and in many cases the diastereoisomeric adducts could not be separated, we turned our attention to a double asymmetric induction in the hope to obtain directly diastereoisomerically pure adducts. In our case, this approach consists in the synthesis of both enantiomers of a sulfinimine as well as of a phosphite, and subsequent formation of four possible diastereoisomeric adducts 
Asymmetric synthesis of γ-aminophosphonic acids
A successful use of chiral sulfinimines for asymmetric synthesis of enantiomerically enriched or pure α-and β-aminophosphonic acids prompted us to apply the same methodology for the synthesis of enantiomeric γ-aminophosphonic acids (γ-APs) [15, 16] . The most representative members of this class of APs are 2-amino-4-phosphonobutanoic acid 6 (AP4) and its phosphinic analog 7 commonly named phosphinotricin (Scheme 5). The first of them is a phosphonic analog of glutamic acid and acts as a modulator for the N-methyl-D-aspartate (NMDA) receptor site and the (S)-enantiomer is 20-24 times more active than the (R)-form in suppression of glutamate mediated neurotransmission. The aminophosphinic acid 7 shows antibacterial and herbicidal activity and is a potent inhibitor of glutamine synthetase. A simple retrosynthetic analysis indicated that sulfinimine 8 would be the best chiral reagent for the synthesis of γ-APs since in this structure the imino-nitrogen atom is bonded to the γ-carbon atom of the phosphonate moiety, securing in this way the γ-aminophosphonic acid framework. The desired enantiomerically pure sulfinimine (+)-(S)-8 was easily prepared by condensation of 3-(diethoxy-phosphoryl)propanal with (+)-(S)-p-toluenesulfinamide in the presence of Ti(OEt) 4 (eq. 1). The condensation product isolated in 80% yield was contaminated (up to 5%) with impurities which were difficult to remove by column chromatography. Therefore, as such it was used for addition reactions. , turned out to be the most efficient from the viewpoint of the reaction diastereoselectivity. The addition product 9 obtained was a mixture of the two unseparable diastereoisomers in a 9 : 1 ratio. For this reason it was subjected to hydrolysis under acidic conditions to afford (+)-(S)-2-amino-4-phosphonobutanoic acid 6. This two reaction sequence shown in Scheme 6 represents the shortest approach to our target.
The sulfinimine (+)-(S)-8 was found to be useful chiral reagent in the first synthesis of optically active aminoalkane-bis-phosphonic acids (Scheme 7). Thus, addition of lithium bis(diethylamino)phosphideborane complex or α-phosphonate carbanion to (+)-(S)-8 results in the formation of the corresponding addition products 10a and 10b which upon acidic hydrolysis were converted into 1-amino-3-propylphosphonic acid 11a and 2-amino-4-phosphono-butylphosphonic acid 11b, respectively.
When in the structure of γ-aminophosphonic acid to be prepared there are one or more stereogenic atoms besides the carbon atom bearing the amino group, the synthetic strategy is different. At first, enantiomerically pure phosphono-aldehyde should be prepared, then converted into sulfinimine which after nucleophilic addition and subsequent hydrolysis of the addition product could afford a desired γ-aminophosphonic acid. This strategy has been employed by Midura and her group for asymmetric synthesis of (2S,1′S,2′R)-2-(2′-phosphonocyclopropyl)glycine 12 (Scheme 8) [17] . 
Asymmetric synthesis of structurally diverse aminophosphonic acids using enantiomeric n-(p-tolylsulfinyl)cinnamaldimines as reagents
In continuation of our work on extension of the sulfinimine methodology for asymmetric synthesis of APs we turned our attention to chiral N-(p-tolylsulfinyl)cinnamaldimine 13 (Scheme 9). The presence of cinnamylidene moiety in the structure of 13 creates a nice possibility for its elaboration into various functional groups [18] . At the outset of this part of work the synthesis of enantiomerically pure unsaturated α-amino-and β-aminophosphonic acids was elaborated. To the best of our knowledge, this group of enantiopure APs was unknown. The synthesis of enantiomeric α-amino-β,γ-unsaturated phosphonic acids 14 is depicted in Scheme 10 and briefly discussed below.
Addition of diethyl phosphite anion to sulfinimine (+)-(S)-13 gave the addition product as a mixture of two diastereoisomers in a 16 : 1 ratio. The major diastereoisomer was then isolated and hydrolyzed under acidic conditions to afford enantiomerically pure α-aminophosphonic acid (+)-(R)-14. With lithium bis(diethylamino)phosphide-borane complex as a nucleophile, the addition reaction to (+)-(S)-13 occurred with complete diastereoselectivity but with opposite stereochemical course affording (−)-(S)-14.
In a similar way, both enantiomers of β-amino-γ,δ-unsaturated phosphonic acids 15 were synthesized (Scheme 11). In this case, addition of diethyl lithiummethanephosphonate to both enantiomers of sulfinimine 13 was performed. The addition products were obtained as mixtures of diastereoisomers from which the major diastereoisomers were isolated and easily converted into enantiomeric aminophosphonic acids 15. The synthesis of enantiomeric unsaturated α-and β-aminophosphonic acids 14 and 15 is of great importance because they or their precursors can be used as chiral building blocks for the synthesis of other functionalized aminophosphonic acids. This idea was put into practice and exemplified by the stereoselective synthesis of enantiomerically pure 2-amino-3-phosphonopropanoic acid 16 (AP3) and its 3-amino regioisomer 17. As shown in Scheme 12, the synthesis of (+)-(R)-16 was accomplished in three simple steps from the diastereoisomerically pure adduct 18 -a precursor of aminophosphonic acid (+)-(R)-15.
Similarly, starting from the diastereoisomerically pure adduct (+)-(S S ,R C )-21 with the amino function at the α-carbon atom the synthesis of α-aminophosphonic acid 17 was accomplished in two steps only as shown in Scheme 13.
Looking for the new phosphonic analogs of biologically active amino acids, we found that the phosphonic analog of emeriamine is unknown. Emeriamine, called also aminocarnitine, inhibits fatty-acid oxidation and reduces hyperglycemia and ketosis. Therefore, in an extension of our earlier work on the synthesis phosphocarnitine [19] , we decided to synthesize enantiomerically pure phosphoemeriamine 23. Retrosynthetic analysis for the synthesis of (R)-23 indicated that (R)-β-amino-γ-hydroxypropanephosphonate 19 would be the best starting material. It has been already obtained as intermediate product in the synthesis of (+)-(R)-16 (see Scheme 12) . The first total synthesis of (−)-(R)-phosphoemeriamine 23 from (+)-19 is depicted in Scheme 14. It was accomplished in four simple steps (mesylation, amination, methylation and acidic hydrolysis) in 24% overall yield.
Further studies on the application of chiral sulfinimine 13 in the synthesis of other phosphonic analogs of biologically active amino acids are in progress in this laboratory. 
